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There is a signiﬁcant amount of variation in DNA methylation characteristics across organ-
isms. Likewise, the biological role of DNA methylation varies across taxonomic lineages.
The complexity of DNA methylation patterns in invertebrates has only recently begun to
be characterized in-depth. In some invertebrate species that have been examined to date,
methylated DNA is found primarily within coding regions and patterning is closely asso-
ciated with gene function. Here we provide a perspective on the potential role of DNA
methylation in these invertebrates with a focus on how limited methylation may contribute
to increased phenotypic plasticity in highly ﬂuctuating environments. Speciﬁcally, limited
methylation could facilitate a variety of transcriptional opportunities including access to
alternative transcription start sites, increasing sequence mutations, exon skipping, and
transient methylation.
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Epigenetics refers to processes capable of inducing changes in
genetic activity without altering the underlying DNA sequence
(Jablonka and Lamb, 2002). Histone modiﬁcations, DNA methy-
lation, and non-coding RNA activity (e.g., miRNA) are the most
commonlydescribedepigeneticmechanisms.DNAmethylationis
one of the most studied mechanisms of epigenetic regulation and
refers to the addition of a methyl group to position 5 of cytosine
bases. DNA methylation is presumed to be evolutionarily ancient,
and,whilethemarkitself isprevalentacrosstaxa,thelandscapeof
methylation patterning is incredibly diverse.
DNA methylation has been well-studied in mammals and
plants, however surprisingly little is known about this mecha-
nismininvertebrates.RecentresearchcharacterizingDNAmethy-
lation in a handful of species is providing evidence that the
absence of DNA methylation could contribute to phenotypic
plasticity by increasing the number of transcriptional opportu-
nities. Evidence of a relationship between methylation patterns
and transcriptional opportunities is found primarily in stud-
ies on the mollusk, Crassostrea gigas, and the eusocial insect
Apis mellifera. Here we discuss this perspective and supporting
research with a particular focus on the adaptive potential this
phenomenon could have on species in highly ﬂuctuating envi-
ronments. In order to provide a broad view we ﬁrst outline
taxonomictrendsinDNAmethylationpatternsanddescribegene-
associatedDNAmethylationcharacteristicsinthelimitednumber
of invertebrate species where this has been examined. Molec-
ular mechanisms that likely contribute to phenotypic plasticity
are discussed followed by a summary of fundamental questions
with respect to DNA methylation in invertebrates that remain
unanswered.
DNA METHYLATION PATTERNS
The relative amount of DNA methylation varies signiﬁcantly
across taxa. In vertebrates, ∼70–80% of cytosines in CpG
dinucleotides are methylated (Bird and Taggart, 1980), a pattern
referredtoasglobalmethylation.Incontrast,invertebratesdisplay
a wide range of DNA methylation. In fact, two common model
organisms (Drosophila melanogaster and Caenorhabditis elegans)
essentially lack DNA methylation (Simpson et al., 1986; Gowher
et al., 2000). Other invertebrates have an intermediate level of
methylation, including sea urchins (Strongylocentrotus purpura-
tus; Bird et al., 1979), sea squirts (Ciona intestinalis; Simmen and
Bird, 2000; Suzuki et al., 2007), honey bees (A. mellifera; Lyko
et al., 2010), and oysters (C. gigas; Gavery and Roberts, 2010).
Among plants, not all species studied have methylated genomes,
andrelatedspeciescanexhibitvaryingdegreesof methylation.For
example, a global methylation pattern is observed in maize (Zea
mays; Palmer et al., 2003), whereas an intermediate level, similar
to that seen in invertebrates, has been reported for Arabidopsis
thaliana (Zhang et al., 2006).
The location of DNA methylation across the genome is also
diverse among taxa. In vertebrates, the limited amount of the
genomethatisnotmethylatedisoftenfoundinCpGrichgenepro-
moterregionscalledCpGislands.Genebodiesaretypicallymethy-
lated in vertebrates, though the degree of methylation decreases
in 5 and 3 regions. In invertebrates, tracts of methylated CpGs
are interspersed with unmethylated regions across the genome,
referred to as a mosaic pattern (Suzuki et al., 2007). Another
example of spatial heterogeneity is the predominance of methyla-
tion in exons. This phenomenon has been observed inA. mellifera
(Lyko et al., 2010), C. intestinalis (Suzuki et al., 2007), and C.
gigas (Gavery and Roberts, 2010). This is in contrast to the blood
ﬂuke (Schistosoma mansoni) where methylation has been found
in a highly repetitive intronic region (Geyer et al., 2011). In
plants, methylation occurs predominantly on repetitive DNA ele-
ments and transposons (Zhang et al., 2006), though gene bodies
are substantially methylated in some species (Zhang et al., 2006;
Zilberman et al., 2006).
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GENE-ASSOCIATED DNA METHYLATION IN INVERTEBRATES
If oneconsidersthesigniﬁcantdiversityof methylationacrosstaxa
it seems plausible that these marks could have different functions,
and potentially different mechanisms of action, across organisms
and evolutionary time. Here we will focus on a functional role of
DNA methylation in invertebrate species where DNA methylation
patterns are associated with transcript coding regions. A discus-
sion of the functional relationship of DNA methylation in other
taxonomic systems can be found elsewhere (Regev et al., 1998;
Colot and Rossignol, 1999; Hendrich and Tweedie, 2003; Suzuki
and Bird, 2008; Law and Jacobsen, 2010).
Incontrasttowell-studiedmammalianandplantsystems,there
are limited studies on DNA methylation in invertebrates. Some of
the ﬁrst evidence supporting a regulatory role of intragenic DNA
methylation in invertebrates comes from in silico analyses. Ini-
tial computational analysis revealed a relationship between gene
body methylation and gene function. This analysis is based on
the known hyper-mutability of methylated cytosines,which read-
ily deaminate to thymine residues (Coulondre et al., 1978). The
mutation is not easily corrected by DNA repair machinery and,
as a result, consistently methylated regions of DNA are depleted
of CpG dinucleotides over evolutionary time (Schorderet and
Gartler, 1992). Consequently, regions of DNA with a low CpG
observed versus expected ratio (denoted as CpG O/E) are pre-
dicted to be methylated at the germline, whereas regions with
a high CpG O/E (approaching 1.0) are predicted to be sparsely
methylated. Germline methylation refers to the methylation state
that is inherited.
In A. mellifera, ubiquitously expressed critical genes were pre-
dicted to be methylated at the germline, whereas caste-speciﬁc
genes were predicted to lack methylation (Elango et al., 2009;
Foret et al., 2009). From their study, Elango et al. (2009), hypoth-
esized that genes predicted to be unmethylated (caste-speciﬁc)
might have greater epigenetic ﬂexibility, which allows for higher
regulatory control of these inducible classes of genes via tran-
sient methylation. In a previous publication, we described a
similar relationship in the Paciﬁc oyster, C. gigas.I nC. gigas,
genespredictedtobehyper-methylatedareubiquitouslyexpressed
critical genes such as those involved in DNA and RNA metab-
olism (Gavery and Roberts, 2010). Likewise, genes predicted
to be sparsely methylated (i.e., higher CpG O/E) are associ-
ated with tissue speciﬁc and inducible expression, including
those involved in general immune function (e.g., cell adhe-
sion, cell–cell signaling, and signal transduction; Gavery and
Roberts, 2010). These results suggest DNA methylation has reg-
ulatory functions in genes involved in stress and environmental
responses.
In order to experimentally corroborate the in silico analysis
that predicts hyper-methylated genes in oysters are ubiquitously
expressed critical genes, our lab has recently performed deep
sequencing of the methylated portion of the C. gigas genome.
Methyl-CpG binding domain protein sequencing (MBD-seq; see
Li et al., 2010) was carried out followed by Gene Ontology based
analysis.OurresultsindicatethatgenesinvolvedinDNAandpro-
tein metabolism were most prevalent in the MBD-library (thus
having the highest amount of methylation) and the most under-
represented genes in the library are involved in cell adhesion
FIGURE1|P r edicted methylation level of C. gigas genes categorized
by biological processes compared to measured level of DNA
methylation. Mean CpG O/E for 10,699 C. gigas genes categorized
according to Biological Process Gene Ontology (GO) Slim terms are plotted
on the x-axis (modiﬁed from Gavery and Roberts, 2010). DNA methylation
was empirically measured by performing MBD-seq on the SOLiD 4 platform
(Applied Biosystems). Genes identiﬁed in the MBD-library were associated
with respective GO terms and enrichment analysis was performed based
on the entire transcriptome (Fleury et al., 2009) using DAVID (Huang et al.,
2009a,b). Results indicate the most underrepresented genes in the library
are involved in cell adhesion and genes involved in DNA and protein
metabolism were most prevalent in the MBD-library.
(Figure 1). These analyses are consistent with the results of the
in silico analysis.
Direct measurements of DNA methylation patterns in A. mel-
lifera havealsobeencarriedout.Usingbisulﬁtetreatmentcoupled
with high-throughput sequencing, Lyko et al. (2010) found that
methylated cytosines occur primarily in exons and that methy-
lated genes had a higher degree of conservation across species
thanunmethylatedgenes.Justaswiththeoysterdata,theseresults
conﬁrmed the inverse relationship between germline methylation
and CpG O/E. Other trends that arose from this analysis were
that (1) methylated cytosine clusters were associated with alterna-
tively spliced exons and (2) genes containing introns were more
likely to be methylated than those lacking introns. The authors
also highlighted an example where an increased level of methyla-
tion in an alternatively spliced exon in the worker bee brain was
associated with an increased expression of the variant lacking the
exon. Lyko et al. (2010) concluded methylation may not be func-
tioningasan“on/off”switchbutinsteadallowingfor“ﬁnetuning”
of transcriptional control of these conserved genes.
Another characteristic of gene-associated DNA methylation
in invertebrates is that genes predicted to be methylated at the
germline (i.e.,low CpG O/E) have less genetic diversity compared
to genes lacking germline methylation (i.e., high CpG O/E). One
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source of evidence of this relationship comes from recent analyses
in our own lab where high-throughput sequencing reads from a
pooled oyster gill tissue cDNA library were mapped to the oyster
transcriptome and single nucleotide polymorphisms character-
ized. There was as positive relationship among the mean number
of polymorphismspernucleotideandCpGO/E.Thisisconsistent
with results from Lyko et al. (2010) where they showed increased
sequence conservation in low CpG O/E genes in A. mellifera.
DNA METHYLATION AND TRANSCRIPTIONAL
OPPORTUNITIES
Given the similarities in DNA methylation patterns between A.
mellifera andC.gigas itispossiblethatthemechanismof actionis
conserved at some level. However, given the dramatic differences
inspeciﬁclifehistorycharacteristicsofthespecies,theroleofDNA
methylation in bees and oysters could have diverged over evolu-
tionary time. In the following section we will primarily focus on a
putative role of DNA methylation in the oyster, however a major-
ity of the concepts discussed are in agreement with what has been
observed in other taxa. For an in-depth review of the functional
role of DNA methylation in insects see Glastad et al. (2011).
Based on what we currently know concerning DNA methyla-
tion in invertebrates, we propose the absence of germline methy-
lation facilitates random variation that contributes to phenotypic
plasticity and thus could increase adaptive potential.Another way
to consider this is that in species that experience a diverse range
of environmental conditions, processes have evolved to increase
the number of potential phenotypes in a population in order to
improve the chances for an individual’s survival. This would be
particularlyimportantforestuarinespeciessuchasC.gigas,where
a large number of planktonic larvae are dispersed by currents and
can settle in a range of habitats. Germline methylation of genes
essential for normal biological function,such as those involved in
DNA and protein metabolism, essentially “protects” these genes
from the inherent genome wide plasticity, as this would likely
be lethal. Thus, as a result of their low methylation status, those
genes involved in responding to environmental perturbation may
be subject to one of several transcriptional opportunities.
Limited methylation might passively facilitate speciﬁc tran-
scriptionalopportunitiesincludingaccesstoalternativetranscrip-
tion start sites,increasing sequence mutations,and exon skipping.
Furthermore, there is the opportunity for these genes to be tran-
siently methylated in somatic tissue, which could also inﬂuence
transcription. Conversely, germline methylation limits transcrip-
tional opportunities in critical genes. This theory provides an
inclusive framework that suggests a suite of speciﬁc mechanisms
that contribute to evolutionary success by increasing the number
of phenotypes via gene-associated, random variation (Figure 2).
ThistheoryisconsistentwithwhathasbeendescribedinA.mellif-
erabyLykoetal.(2010)suggestingthatmethylationcould“control
which of several versions of a gene is expressed.” Furthermore,
researchers have shown a relationship between DNA methylation,
alternative splicing, and sequence conservation (e.g., Lyko et al.,
2010; Park et al., 2011) and suggested a role for DNA methyla-
tionininﬂuencingecologicallyimportanttraits(e.g.,Angersetal.,
2010).
The absence of DNA methylation in genes that are induced
in response to changing conditions could allow for multiple
transcripts indirectly by providing access to alternative promoter
sites.ThisexplanationisconsistentwiththeabilityofDNAmethy-
lation to inhibit binding of transcription factors to response
elements in mammalian promoter regions (Iguchi-Ariga and
Schaffner, 1989). A recent mammalian study provided direct evi-
dence of this, revealing that intragenic methylation limits the
generationofalternategenetranscriptsbymaskingintragenicpro-
moters (Maunakea et al., 2010). Direct evidence of DNA methy-
lation associated with alternative transcripts is also available in
invertebrates (Lyko et al.,2010).
FIGURE2|S c hematic representation of a how DNA
methylation potentially inﬂuences transcriptional activity
in invertebrate species.This theory proposes the absence of
germline methylation (sparse methylation) contributes to adaptive potential by
allowing for multiple transcriptional opportunities.Transcriptional opportunities
are diagrammed for genes with sparse methylation (a–d) and genes
methylated at the germline (e). Dashed lines represent the 5
 UTR, solid lines
represent exons and gray lines indicate introns. “M” designates a methylated
CpG. “x” Represents a sequence mutation. Ovals represent putative
promoter complexes.
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Sequence mutation is another important source of poten-
tial phenotypic variation. Transcript variations that could be
associated with function include those that contribute to an
alteration in amino acid or result in a premature stop codon.
There are several instances of evidence supporting an inverse
relationship between methylation density and sequence varia-
tion. As described above we have characterized this relationship
in the oyster using high-throughput sequence analysis and a
similar pattern has been reported in honey bees (Lyko et al.,
2010). Furthermore, a recent study in the jewel wasp (Naso-
nia vitripennis) showed high CpG O/E ratios correspond with
higher substitution rates between related species for synonymous,
non-synonymous, and intron sites (Park et al., 2011). In other
words,there was more genetic variation in genes lacking germline
methylation.
Another means by which a transcriptional variant might be
produced is through exon skipping, and there is evidence to
suggest methylation is associated with this phenomenon in inver-
tebrates. In A. mellifera, the gene GB18602 has two forms (long
and short), which are distinguished by a cassette-exon being
skipped in the long form (Lyko et al., 2010). This exon con-
tains a stop codon that creates a shorter, alternative transcript.
The researchers went on to ﬁnd numerous examples of genes
where the methylated CpGs were associated with differentially
spliced exons (Lyko et al., 2010). This phenomenon would be
consistent with the transient (or differential) methylation that
couldleadtoalternativetranscriptsunderdifferentenvironmental
conditions.
SUMMARY
Here we have set out to provide a perspective on the functional
role of DNA methylation in invertebrates. We propose that an
absence of germline methylation in genes involved in responding
to ﬂuctuating conditions facilitates phenotypic variation, which
could contribute to increased adaptive potential. However, there
areseveralquestionsthatremaintobeanswered.Foremostiswhat
contributes to the proposed promiscuous transcriptional nature
in certain invertebrates that acts in concert with DNA methyla-
tion to enhance phenotypic plasticity? Here we suggest that the
probability of a transcriptional opportunity occurring is random,
however it is also possible that an environmental stressor could
haveaspeciﬁceffectonmethylationpatternsthatdirectlyimpacts
thephysiologicalresponse.Furthermore,itisnotclearwhatmech-
anism(s)areresponsiblefortransientmethylationininvertebrates
or how common transient methylation occurs. Finally, it is not
known if DNA methylation patterns are heritable independent of
genetic inheritance. Future research efforts will certainly begin to
shed light on these questions as well as test the theory proposed
here. Given the evidence we have to date, what we learn about
DNA methylation and epigenetics in invertebrates has the poten-
tial to considerably change how we view organismal physiology
and population biology.
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